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Abstract: The measurement of Higgs boson properties with high precision is one of the primary goals of the high
energy Circular Electron Positron Collider (CEPC). A study on the measurements of H→ bb¯/cc¯/gg decay branching
fraction in CEPC experiment is presented, in the scenario of an integrated luminosity of 5000 fb−1 e+e−collision
data at the center-of-mass energy of 250 GeV. In the study the Higgs bosons are produced in association with a
pair of leptons, dominantly following the Higgs-strahlung process. The statistical uncertainty of the measurement is
estimated to be about 1 % for the H → bb¯ final state, and approximately 5-10 % for the H → cc¯/gg final states. In
addition, the main sources of the systematic uncertainties and their impacts on the measurements are discussed. This
study demonstrates the potential of precision measurements of the Higgs boson decays in the hadronic final states,
which will provide key information to understand the Yukawa coupling between the Higgs and quarks.
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1 Introduction
The discovery of a scalar boson with a mass around
125 GeV at the Large Hadron Collider (LHC) [1, 2] com-
pleted the final piece of the standard model (SM). This
particle, interpreted as the Higgs boson, plays a crucial
role in the Electroweak Spontaneous Symmetry Break-
ing (EWSB), known as the Higgs mechanism [3–5], often
referred as the Higgs mechanism. The Higgs mechanism
allows the W , Z, quarks and charged leptons to be mas-
sive while keeping the SU(2)L×U(1)Y gauge invariance.
The masses of the SM fermions (mfi) in the SM are pro-
portional to their Yukawa couplings (hi) to the Higgs
field: mfi =
vhi√
2
, where v ≈ 246 GeV is the vacuum ex-
pectation value of the Higgs field.
Measuring the Yukawa couplings between the Higgs
boson and the SM fermions is essential to understand
the origin of the fermions’ masses and the detail of the
EWSB. The dominant Higgs boson decays into fermionic
final states are H → bb¯, H → τ+τ− and H → cc¯, the
decay branching fractions of which are predicted to be
57 %, 6 % and 2.7 % [6, 7]. In addition, the Higgs bo-
son can decay to a gluon pair via heavy quark loops.
The large coupling between the Higgs boson and the top
quark leads to considerably large branching fraction of
H→ gg which is estimated to be about 9 % [8, 9].
Until now, the LHC is the only collider to directly
study the Higgs mechanism. The leading fermionic Higgs
boson decay, H → bb¯ was studied in both the ATLAS
and the CMS measurements in V H [10, 11], tt¯H [12, 13]
and VBF [14, 15] process, with the LHC Run-I data.
The combination of ATLAS and CMS gives bb¯ σ×Br
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signal strength for 0.70±0.29 in run-I data [16], where
the signal strength is defined as the ratio of the mea-
sured σ×Br value to the corresponding SM prediction.
The up-to-date results on V H production followed by
H→ bb¯ in ATLAS [17] and CMS [18] give signal strength
1.16±0.16(stat.)+0.21−0.19(sys.) and 1.01±0.22. However, the
precision of those results are limited by large background,
which is inevitable in hadron colliders.
A lepton collider has significant advantage of precise
Higgs measurement as it’s free of QCD background and
has precisely, and tunable initial energy. Several future
lepton colliders have been proposed with the capability
of precise measurement of Higgs boson parameters, such
as International Linear Collider (ILC) [19], e+e− Future
Circular Collider (FCC-ee or TLEP) [20], Compact Lin-
ear Collider (CLIC) [21] and Circular Electron Positron
Collider (CEPC) [22]. The CEPC is a proposed elec-
tron positron collider by the Chinese high energy physics
community. It can operate at the center-of-mass energy
240 - 250 GeV with a designed instaneous luminosity of
2× 1034 cm−2s−1. At the CEPC, the Higgs boson are
produced primarily via the Higgs-strahlung [23–25] pro-
cess (96.6 %), while the production via WW -fusion [26]
and ZZ-fusion is only 3.06% and 0.29%, respectively.
After ten years of running, one million of the Higgs bo-
son (5000 fb−1 collision data) are expected to be col-
lected at the CEPC. This work is the subsequent study
in H→ bb¯/cc¯/gg analysis presented in [27] with improve-
ment in background estimation.
A brief introduction of the detector in this study will
be presented in the next section, followed by the descrip-
tion of MC samples and event selection. In section 4, the
flavor tagging and flavor template-recoil mass fit will be
described as the procedure to extract signal events and
final states with individual flavor components. In the
fifth section, the uncertainties of the analysis will be dis-
cussed.
2 Detector Design
The detailed description of the proposed CEPC de-
tector can be found elsewhere [22]. A vertex detector
(VTX) with high pixel resolution is located in the inner
most part of the detector. It provides the inner tracks
measurement with high spatial resolution, which is key
for track impact parameter (IP) measurements and ver-
tex reconstruction. The identification of the flavor of jets
(flavor tagging) primarily relies on the capability on IP
measurements and vertex reconstruction with high pre-
cision. The 6 layers of sensors are laid 16 to 60 mm in
radius with 97% - 90% of the polar angle coverage. The
signal layer spatial resolution is 2.8 µm in the 2 inner
layers and 4 µm in the 4 outer layers. The overall IP
resolution can be estimated as
σ(rφ) = a⊕ b
p( GeV)sin3/2 θ
,µm (1)
, where a= 5 and b= 10; the parameter p and θ are the
momentum and polar angle of the reconstructed charged
particle.
A Time Project Chamber(TPC) is laid outside of the
VTX to take the major task of track measurement. It
covers the solid angle up to cosθ= 0.98. When being op-
erated in 3.5 T magnetic field, the momentum resolution
is σ(1/pT ) = 10
−4 GeV.
A Particle Flow Algorithm-oriented [28] calorime-
ter system, combined by the electromagnetic calorime-
ter(ECAL) and the hadronic calorimeter(HCAL), was
designed with high granularity and precise energy mea-
surement of electrons, photons, tauons and hadronic
jets. The resolution of ECAL and HCAL are about
16%/
√
E( GeV) and 50%/
√
E( GeV). The energy res-
olution of jets from Higgs or W±/Z decay is estimated
about σE/E = 3− 4%. With granularity better than
1 cm×1 cm of each cell, the hadrons in jets can be well
separated.
The muon system is mounted as the outermost part
in the detector. The baseline design of muon detector
requires 94% reconstruction efficiency of muons with en-
ergy higher than 6 GeV. The longitude and transverse
position resolution are required to be σz = 1.5 cm and
σrφ = 2.0 cm, respectively. The probability of pion mis-
identified as muons at energy of 30 GeV is required to be
less than 1%.
3 MC Sample
In this analysis, the signal events are l+l−H →
l+l− + bb¯/cc¯/gg, thus the final state contains a pair
of charged leptons with opposite flavor and two jets.
The SM background includes di-quark events, di-lepton
events, vector boson pair production and the Higgs bo-
son production with final states different from the signal.
Both background and signal events are generated us-
ing Whizard [29] configured as no-polarization electron-
positron collision at the center-of-mass energy of 250
GeV. PHYTHIA [30] was implemented to simulate the
fragmentation and hadronization. The mass of the Higgs
boson is assumed to be 125 GeV and the couplings are
set to be the SM predictions.
The generated events undergo the detector simulation
by Mokka [31], a GEANT4 [32] based detector simulator.
The simulated hits are digitized and reconstructed with
ArborPFA [33, 34].
Jets reconstruction and flavor tagging are essential
to this analysis. They are done with the LCFIPLUS
[35] toolkit, integrating the functionality of vertex find-
ing, jet reconstruction and jet flavor tagging. Flavor
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tagging will be discussed in section 5. Jets are recon-
structed by Durham algorithm [36]. This algorithm be-
gins with jet cluster candidates, which are either sin-
gle reconstructed particles, or compound objects like
reconstructed secondary vertices. These primary clus-
ters are then iteratively merged until the ceasing criteria
are met. The procedure iteratively pairs the clusters
by selecting the minimum distance measure, defined as
yi,j = min{E2i ,E2j }(1− cos(θij)/E2vis, where Ei and Ej
are the energy of i-th and j-th cluster, and θij refers to
the angle between them. Evis are the sum of energy of
all the clusters int the event. Clusters with minimum
yij are merged, reducing the cluster number by 1, until
the remaining clusters number equals to the required jet
multiplicity. This algorithm gives a series of yij value:
y12, y23, y34 etc. When i is larger than the real cluster
multiplicity, yij reflect the distance of two clusters which
are actually from the same cluster, resulting a small yij
value. Thus yij is an indicator of the jet cluster multi-
plicity.
4 Event selection
The l+l−H processes include e+e−H and µ+µ−H
process. The dominant backgrounds are semi-leptonic
ZZ process and other ZH production followed by other
types of Higgs decay which are mainly via Higgs decay
WW ∗ or ZZ∗, and either of the two intermediate bosons
undergo hadronic decay.
Two isolated tracks with opposite charge, recon-
structed as e+e− or µ+µ−. The isolation criteria set
the energy upper threshold within a cone cosθcone > 0.98
around a track as the square root of a second-order poly-
nomial function of track’s energy. Events with addi-
tional isolation leptons are rejected. The polar angle
of lepton pair system are required to in the range of
|cosθµ+µ− |< 0.81 and |cosθe+e− |< 0.71. The angle be-
tween the two isolation tracks ψ is required to satisfy
cosψ>−0.93 and cosψ>−0.74 for e+e−H and µ+µ−H
channel respectively. The invariant mass of lepton pair
are required to be inside the Z−mass window, which is
defined to be between 77.5 GeV and 104.5 GeV.
The remaining particles in the event are used to re-
construct exactly two jets with polar angle θjet in the
range of |cosθjet| < 0.96. The two jets are required to
contain at least 20 particles, each with energy no less
than 0.4 GeV. To reject the background events from other
higgs decay, y34, described in section 3, was required to
be less than 0.011 to suppress events with jet multiplicity
greater than 2.
The lepton pair recoil mass, which is defined as the
invariant mass of the recoil system of the lepton pair,
are required between 115 GeV and 140 GeV for e+e−H
channel, and 120 GeV to 140 GeV for µ+µ−H chan-
nel. The signal and background yields in the signal win-
dow after requirements of several event selections are
summarized in Table 1 for µ+µ−H and e+e−H analy-
sis, respectively. Here the signal window is defined as
124 GeV < Mµ
+µ−
recoil < 140 GeV in both channels. The
signal and background yields in signal region after re-
quirement of event selections are summarized in Table 1
for µ+µ−H and e+e−H analysis respectively.
Table 1. Event yields of cut flow. Signal events are ll¯+H → ll¯+ bb¯/cc¯/gg combined. µ+µ−H and e+e−H
background refers to the background which Higgs are produced associated with µ+µ− and e+e−, but decay to final
states other than bb¯/cc¯/gg. ’Other Higgs background’ stands for the Higgs production process different from the
signal. ’Irreducible SM background’ is the e+e−/µ+µ−+jet pair process without Higgs productions. ’Other SM
background’ includes all the other background processes.
µ+µ−H→µ+µ−+bb¯/cc¯/gg Channel
Signals
µ+µ−H
Background
Other Higgs
Background
Irreduciable SM
Background
Other SM
Background
Original 2.45×104 1.10×104 1.01×106 1.05×106 4.96×108
Lepton pair selection without recoil mass cut 1.51×104 6.56×103 227 1.09×104 2.79×104
Jets pair selection and
lepton pair recoil mass cut for fit region
1.32×104 1.80×103 108 7.75×103 43.6
Signal Region 1.31×104 1.80×103 96.1 5.78×103 38.4
e+e−H→ e+e−+bb¯/cc¯/gg Channel
Signals
e+e−H
Background
Other Higgs
Background
Irreduciable SM
Background
Other SM
Background
Original 2.63×104 1.17×104 1.01×106 1.62×106 4.95×108
Lepton pair selection without recoil mass cut 9.17×103 3.53×103 128 9.00×103 7.11×104
Jets pair selection and
recoil lepton pair mass cut of fit region
7.14×103 917 56.1 8.63×103 69.4
Signal Region 7.13×103 913 36.4 4.14×103 67.4
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5 Recoil-mass-flavor fit
After applying all the selection requirements, the se-
lected events contains H → bb¯/cc¯/gg events. A TMVA
based algorithm are implemented to distinguish the jets’
flavor. The reconstructed jets are categorized according
to the secondary vertex multiplicity. In each category,
a b-tagging and a c-tagging training of boost decision
tree(BDT) [37] method was implemented over simulated
Z−pole di-jet events. The training are done with dis-
crimination variables including jets kinematic variables,
tracks’ impact parameters and secondary vertex parame-
ters. The training output includes a b-jet likeness weight
and a c-jet likeness weight for each jet, representing the
resemblance of the jet to a b-jet or a c-jet.
The b/c-weight likeness of the two individual jets
from the Higgs boson decay, Lb1/c1 and Lb2/c2, can be
used to construct the combined B/C likeness, defined
as:
XB/C =
Lb1/c1Lb2/c2
Lb1/c1Lb2/c2 +(1−Lb1/c1)(1−Lb2/c2) . (2)
The conservation of quark flavor in the Higgs boson de-
cay guarantee that XB(XC) is close to 1 if the Higgs bo-
son decay to bb¯ (cc¯) while close to 0 otherwise. Based on
the high performance flavor tagging algorithm, a flavor
tagging template fit method is used to simultaneously
extract the event number of each flavor final state [38].
The combination of these template fits and the fit to
the recoil mass of the lepton pairs make the dominate
background mass estimation model independent.
A set of 3-dimension probability density func-
tions (PDFs) are defined by the production of the flavor
PDF and lepton pair recoil mass PDFs:
PDF3D(XB,XC ,Mrecoil) = PDF
flavor(XB,XC)×PDFrecoil mass(Mrecoil) (3)
The recoil mass PDFs of signal and other l+l−H
events was described by a crystal ball function plus
a double sided exponential function, which describe
the resolution effect of track energy and momentum
measurements. The recoil mass of dominant back-
ground events are described by a first order Cheby-
chev polynomial function (µ+µ−H channel) or expo-
nential functions (e+e−H channel); PDF flavor is the
two-dimensional distribution of XB−XC defined in Eq.
2.
The shape parameters of recoil mass PDFs are free
in the fit. The normalization parameters for signals,
ZZ → µ+µ− + qq¯(µ+µ−H channel) and are e+e−Z →
e+e− + qq¯(e+e−H channel) also float, while normaliza-
tion parameters for H→WW ∗ and H→ZZ∗ are fixed
to MC predictions. Both shape and normalization pa-
rameters for other backgrounds are fixed. The fit results
of the simulated data are shown in Figure 1.
6 Uncertainties of Measurements
The statistical uncertainty was estimated by using
toyMC method that includes 6000 (µ+µ−H channel) to
10000 (e+e−H channel) iterations. In each iteration, the
”data” is filled in a 3D histogram in XB-XC-recoil mass
space. In each bin of the histogram, the event yields
fluctuated according to a Poisson distribution. The 3D
fit is then applied to the ”data”. The dispersion of fitted
signal event yields in signal region represents the statis-
tic uncertainty. The results of toyMC test for H → bb¯,
H → cc¯ and H → gg are represented in Fig 2, in terms
of pull of fitted signal events number for toyMC samples
in the signal regions which conform well to the standard
normal distribution.
The uncertainties from luminosity, lepton cut efficien-
cies, Z → µ+µ−/e+e− modeling and ISR correction are
included in the measurements of σe+e−H→e+e−+bb¯/cc¯/gg
and σµ+µ−H→µ+µ−+bb¯/cc¯/gg. However, when measure the
branching fractions of H → bb¯/cc¯/gg, these uncertain-
ties are also included in the measurement of inclusive
H decay so they will be canceled. The fit method has
two types of systematic uncertainty. The first kind is
due to imperfect modeling of the PDFs. discussed as the
systematic of flavor tagging and here we only focus on
the recoil mass modeling. The recoil mass function for
signal and background are verified by fitting the signal
and background datasets alone respectively. The results
demonstrate the function describe the line shape very
well. The shape parameters are float in the 3D-fit, ex-
cept the tail functions in the signal recoil mass. These
tail function can be studied by comparing the track mo-
mentum and energy resolution in data and MC. So far we
assume the resolution are well simulated in MC sample.
The other kind of systematic uncertainty in the fit
comes from the uncertainty of fixed parameters. The
normalization parameters for H→WW ∗ and H→ZZ∗
backgrounds are fixed in the fit. We set these normaliza-
tion parameters 5% higher and lower to evaluate their
impacts on the fitted signal yields. We conservatively
vary the yields of backgrounds other than l+l−H and
ZZ→ l+l−+qq¯ by 100% to estimate the corresponding
systematic uncertainty.
Systematic uncertainty on lepton veto efficiency for
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Fig. 1. µ+µ−H3D-fit result project in three dimension: (a) fit result project on recoil mass distribution in µ+µ−H
channel, (b) fit result project on recoil mass distribution in e+e−H channel, (c) fit result project on B-likeness
distribution in µ+µ−H channel, (d) fit result project on B-likeness distribution in e+e−H channel, (e) fit result
project on C-likeness distribution in µ+µ−H channel, (f) fit result project on C-likeness distribution in e+e−H
channel.
xxxxx-5
Chinese Physics C Vol. xx, No. x (2019) xxxxxx
H → bb¯ can be estimated using the bb¯ events produced
at Z-pole. With one jet tagged as b−jets. The efficiency
of lepton veto can be studied with the uncertainty much
less than 0.1%with 2 billion bb¯events in the Z-pole sam-
ple. For H → cc¯ measurement, the uncertainty of the
lepton veto efficiency is also found to be less than 0.1
% with a similar method. For H → gg we assume the
gluon jets sample yielding 1% of that of bb¯, and estimate
the uncertainty of lepton veto to be less than 0.1%. The
systematic uncertainties of jets’ particle multiplicity, jet
cosθ cut and y−th value cut was estimated in similar
way, such that by assuming these variables can be cali-
brated with the Z−pole sample.
The systematic uncertainty of the efficiency on jet
pair invariant mass cut can be estimated from the jet
energy resolution. We apply a smearing on jet pair mass
distribution according to a gaussian distribution corre-
sponding to the jet energy resolution. We take the value
of 4% as the jet energy resolution from the CEPC pre-
CDR [22] and get the uncertainty for H → bb¯, H → cc¯
and H→ gg are +0.68%−0.20%, +0.43%−1.08% and +0.71%−1.68% respectively.
Since flavor tagging method are implemented via fla-
vor template fitting, the flavor tagging systematic un-
certainty is directly caused by the difference between the
templates from the MC prediction and the templates in
data. To evaluate such differences, delicate flavor tag-
ging commissioning and calibration are demanded. Al-
though no such commissioning or calibration have been
done yet, we can briefly estimate the systematic uncer-
tainty by assuming a difference between data and MC
after the calibration was applied, and this difference are
subsequently studied in terms of their impact on the
H → bb¯/cc¯/gg branching fractions measurement. We
select ZZ→ qq¯+µ+µ− events as a control sample, which
has a purity of 99.6%, and assuming a data-MC com-
parison has been done on the template distribution on
this control sample. The estimation on the goodness of
the data-MC agreement is limited by the statistic un-
certainty of the control sample, and the knowledge of
the flavor components of hadronic Z−decay. For ex-
ample, more than 80% of the bb¯ events concentrated in
the region with highest b-likeness(b-likeness>0.95) and
lowest c-likeness(c-likeness<0.05). If, due to some kinds
of b−tagging systematic uncertainty, the Z → bb¯ events
fraction in this most concentrate bin changed, the data-
MC agreement would be increase. There are 1.92×104
Z → bb¯ in this bin, which has a statistic uncertainty
0.72%. The current combined Rb measurements has the
uncertainty of 0.31%[39]. So the data and MC can be
compared in the precision of
√
0.72%2 +0.31%2 = 0.78%.
Scaling the contents in this bin up and down by 0.78%
in the bb¯ template, one can estimate the uncertainty to
H → bb¯, H → cc¯ and H → gg are −0.4%+0.2%, +3.7%−5.0% and +0.2%−0.7%
respectively. Had we use a much larger control sample
(hadronic events at the Z-pole), and have a better under-
standing on the relationship between the flavor tagging
variables and kinematic feature, the uncertainty will be
greatly reduced.
The non-uniformity of lepton selection efficiency in
individual Higgs boson decay was estimated in a similar
way as that in Ref [40]. The uncertainty is found to be
less than 0.1%.
The systematic uncertainty estimation are summa-
rized in table 2.
Table 2. Uncertainties of H→ bb¯, H→ cc¯ and H→ gg
µ+µ−H e+e−H
H→ bb¯ H→ cc¯ H→ gg H→ bb¯ H→ cc¯ H→ gg
Statistic Uncertainty 1.1% 10.5% 5.4% 1.6% 14.7% 10.5%
Fixed Background
-0.2%
+0.1%
+4.1%
-4.2%
7.6%
-0.2%
+0.1%
+4.1%
-4.2%
7.6%
Event Selection
+0.7%
-0.2%
+0.4%
-1.1%
+0.7%
-1.7%
+0.7%
-0.2%
+0.4%
-1.1%
+0.7%
-1.7%
Flavor Tagging
-0.4%
+0.2%
+3.7%
-5.0%
+0.2%
-0.7%
-0.4%
+0.2%
+3.7%
-5.0%
+0.2%
-0.7%
Non uniformity < 0.1% < 0.1%
Combined Systematic Uncertainty
+0.7%
-0.5%
+5.5%
-6.6%
+7.6%
-7.8%
+0.7%
-0.5%
+5.5%
-6.6%
+7.6%
-7.8%
7 Conclusion
The measurements H → bb¯/cc¯/gg decay branching
fractions are studied in µ+µ−H and e+e−H process with
simulation data corresponding to 5000 fb−1 e+e− collsion
at
√
s = 250 GeV in CEPC experiment. The statistical
uncertainty in bb¯, cc¯ and gg measurements are estimated
around 1.1%, 10.5% and 5.4% respectively in µ+µ−H
channel, and 1.6%, 14.7% and 10.5% in e+e−H chan-
nel. The systematic uncertainties of the measurements
are also studied. This study demonstrates the capabil-
ity of making precision measurement of Higgs Yukawa
coupling with quarks at the CEPC.
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Fig. 2. Toy MC test result in terms of pull of signal strength in each channel. The pull distributions are fitted with
Gaussian function.
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